Background: Electromagnetic navigation bronchoscopy (ENB) has been widely adopted as a guidance technique for biopsy of peripheral lung nodules. However, ENB is limited by the lack of real-time confirmation of the biopsy devices. Intraprocedural cone-beam computed tomography (CBCT) imaging can be utilized to assess or confirm the location of biopsy devices. The aim of this study is to determine the safety and diagnostic yield (DY) of image fusion of intraprocedural CBCT data with live fluoroscopy (augmented fluoroscopy) during ENB-guided biopsy of peripheral lung nodules.
Background: Electromagnetic navigation bronchoscopy (ENB) has been widely adopted as a guidance technique for biopsy of peripheral lung nodules. However, ENB is limited by the lack of real-time confirmation of the biopsy devices. Intraprocedural cone-beam computed tomography (CBCT) imaging can be utilized to assess or confirm the location of biopsy devices. The aim of this study is to determine the safety and diagnostic yield (DY) of image fusion of intraprocedural CBCT data with live fluoroscopy (augmented fluoroscopy) during ENB-guided biopsy of peripheral lung nodules.
Methods: Data from 75 consecutive patients who underwent biopsy with ENB was collected retrospectively. Patients underwent CBCT imaging while temporarily suspending mechanical ventilation. CBCT data were acquired and 3-dimensional segmentation of nodules was performed using commercially available software (OncoSuite). During ENB, the segmented lesions were projected and fused with live fluoroscopy enabling real-time 3-dimensional guidance.
Results: A total of 93 lesions with a median size of 16.0 mm were biopsied in 75 consecutive patients. The overall DY by lesion was 83.7% (95% confidence interval, 74.8%-89.9%). Multivariate regression analysis showed no independent correlation between lesion size, lesion location, lesion visibility under standard fluoroscopy, and the presence of a bronchus sign with DY. Pneumothorax occurred in 3 patients (4%).
Conclusion: Intraprocedural CBCT imaging with augmented fluoroscopy is feasible and effective and is associated with high DY during ENB-guided biopsies. B ronchoscopic biopsy is commonly utilized for diagnosis of pulmonary nodules, with a wellaccepted safety profile. The most common complication of this technique is pneumothorax, which occurs in 2% to 5% of all procedures. 1, 2 Traditionally fluoroscopy is utilized for navigation of biopsy devices towards peripheral lesions. Although fluoroscopy is effective for realtime imaging of radiopaque lesions, the identification of bronchial anatomy and localization of small or ground-glass lung nodules remains challenging. As a result, the reported diagnostic yield (DY) for traditional bronchoscopic transbronchial biopsy of small peripheral lesions can be as low as 14%. 3 Computed tomography (CT)-guided transthoracic needle aspiration (TTNA) offers an alternative to achieve more controlled targeting of peripheral nodules with a reported DY of 50% to 95%, depending on lesion size. [4] [5] [6] [7] However, transthoracic needle punctures are associated with an increased incidence of pneumothorax (20% to 45%), which requires chest tube placement in 5% to 15% of patients. [8] [9] [10] [11] Complications of TTNA, such as pneumothorax and hemorrhage, are associated with prolonged hospital stays, blood transfusions, and increased rates of mechanical ventilation for respiratory failure. 12 In addition, after TTNA, patients who require mediastinoscopy or endobronchial ultrasound (EBUS)-guided lymph node staging still need to be referred for additional diagnostic procedures. 13, 14 The importance of this is highlighted by a recent review demonstrating the false negative (FN) rate of positron emission tomography-CT scan for mediastinal staging in non-small-cell lung cancer is as high as 23% and concluded that this should not be used in isolation for accurate staging of the mediastinum. 15 The FN rate of TTNA, particularly with small lesions, can be as high as 20% to 30% and may not be adequate to rule out cancer as a stand-alone procedure. 16 More recently, the use of electromagnetic navigation bronchoscopy (ENB) has gained popularity as a complementary guidance tool during bronchoscopic biopsy of peripheral nodules. These systems utilize preoperative CT data and an electromagnetically tracked guide for procedure planning and guidance. Although several studies have demonstrated promising clinical efficacy and an acceptable safety profile, the DY of ENB remains inferior to TTNA (~70% for peripheral lung nodules). This is in contrast to the improved safety profile of ENB compared with TTNA. The ideal procedure would be one that combines the high DY of TTNA with the low complication rate of guided bronchoscopy.
Modern hybrid operating rooms (OR) equipped with flat-panel detector systems offer the possibility to acquire cone-beam CT (CBCT) data in addition to standard fluoroscopy. Recent developments have been pushing CBCT image quality close to that of conventional CT, enabling treatment planning and 3-dimensional (3D) fluoroscopic image guidance to be performed in the OR. [38] [39] [40] [41] In the current retrospective study, we investigate the feasibility and clinical utility of image fusion of intraprocedural CBCT data with live fluoroscopy [augmented fluoroscopy, (AF)] during ENB procedures. Our aim is to determine whether the addition of CBCT with AF to ENB may offer a safe procedure with high DY.
MATERIALS AND METHODS
This single-center retrospective study was approved by the Institutional Review Board and informed consent was waived. Data from 75 consecutive patients who underwent ENB-guided lung biopsy from September 2016 through May 2017 was collected retrospectively. Each patient had 1 bronchoscopic procedure (75 ENB procedures in total). A single pulmonologist performed all procedures under general anesthesia in a hybrid OR equipped with a C-arm system with CBCT capabilities (Allura Xper FD20; Philips). Lesion size, location, fluoroscopic visibility, and presence of a bronchus sign was determined from cross-sectional CT data. All lesions were characterized as peripheral nodules in that they were surrounded by normal aerated lung, none were visible endobronchially, and all were beyond the segmental bronchus so that all biopsies were transbronchial rather than endobronchial. CT data were imported into the electromagnetic navigation system (SuperDimension; Medtronic) and planning was performed as per manufacturer instructions.
Subsequent to patient intubation, an 8-second scan was performed to obtain CBCT data. Lung nodules were highlighted by the physician using commercially available software (OncoSuite; Philips) during a process known as segmentation (Fig. 1) . A bronchoscope (BF-1T180; Olympus) was introduced into the airway and then a curved steerable catheter (Edge Firm Tip; Medtronic) was inserted into the working channel and navigated to the lesion using the ENB system. Nodule segmentation was visualized in an overlay with live fluoroscopy (Fig. 2) . Geometric correspondence of AF was maintained throughout the case while manipulating C-arm angulation, table position, and image-zoom settings. Final catheter position was then verified in multiple planes with AF. Additional CBCT scans were acquired when deemed necessary. Radial EBUS (r-EBUS) was not used in any case. Tissue samples were obtained using one or multiple biopsy tools, including a standard cytology brush, fine needle for aspiration (21 and 19 G), biopsy forceps, GenCut core biopsy tool (Medtronic), single and triple needle cytology brush, and bronchoalveolar lavage (BAL). Rapid on-site pathologic examination (ROSE), utilizing a cytotechnologist and cytopathologist present in the OR, was used for all procedures.
The primary outcome was the DY of ENB using CBCT with AF for peripheral lesions. In line with prior literature, 1 a bronchoscopy procedure was considered diagnostic if a specific malignant or benign diagnosis of the peripheral lesion was made. If only nonspecific findings were identified, such as inflammation, the procedure was considered nondiagnostic. These lesions were then labeled as indeterminate and followed with serial CT scans, if the patient was not suitable for a more invasive diagnostic procedure.
In a subset analysis, follow-up data were collected for subjects who had an indeterminate result on bronchoscopy to establish the true diagnosis. This was used to calculate the prevalence and sensitivity of ENB using CBCT with AF for malignancy. These cases were not used in the determination of DY, even if they subsequently resolved or were later found to be benign.
All bronchoscopic results that showed lung cancer were considered true positives (TPs). If initial bronchoscopy failed to reveal a specific diagnosis (ie, indeterminate), and follow-up data demonstrated that lung cancer was eventually diagnosed, or if the patient was sent for definitive treatment (ie, stereotactic body radiation therapy), the subject was considered a FN.
If an indeterminate lesion resolved, stayed stable or decreased in size on follow-up CT for at least 12 months after the index procedure then this was presumed benign and classified as a true negative (TN) for the purposes of calculating sensitivity and prevalence of malignancy, as well as for diagnostic accuracy. These cases were not used in the determination of DY. Diagnostic accuracy represents the malignant and benign lesions as well as the indeterminate lesions subsequently confirmed as benign with clinical and radiographic follow-up divided by the total number of lesions biopsied.
Sensitivity of ENB using CBCT with AF for malignancy was defined as TP/(TP+FN). Because some subjects did not have complete follow-up, we conducted a sensitivity analysis to determine the possible minimum and maximum diagnostic sensitivities. To determine the minimum sensitivity, subjects with incomplete follow-up were considered FN. To determine the maximum sensitivity, subjects with uncompleted follow-up were considered TN. 42 Independent correlation of lesion size, location, visibility, and presence of a bronchus sign, with DY using a multivariate regression analysis was assessed. A P-value <0.05 was considered significant. Radiation dose exposure was assessed in a representative subset of patients. Effective dose was estimated from dose area product measurements using a generalized conversion coefficient (E = 0.16 mSv/Gy cm 2 ), assuming an average x-ray spectra. 43, 44 Analyses were performed using R 2.15.0 (www.R-project.org).
RESULTS
A total of 93 suspicious pulmonary lung nodules were biopsied in 75 consecutive patients. Fifteen patients presented with multiple lesions, including 10 patients with bilateral lesions. Any patient with multiple lesions had all of these biopsied in a single ENB procedure. One patient was lost to follow-up and excluded from the performance analysis (Fig. 3) .
Median lesion size was 16.0 mm (range, 7 to 55 mm). The majority of lesions were located in the middle or peripheral third of the lung (94.6%). A bronchus sign was visible on standard CT imaging in 39% of the cases, while 49% of the lesions were visible on standard fluoroscopy. Mean fluoroscopy time was 6.2 ± 2.6 minutes (For complete information on patient, lesion, and procedural characteristics see Table 1 ).
Overall proven malignancy rate was 68.5% (63/92 lesions). Primary lung cancer diagnosis was established in 57.6% (53/92) of the inspected lesions ( Table 2 ). The majority of these patients were diagnosed at stage I (75%) or stage II (4%). Pneumothorax occurred in 3 patients (4%), out of which 2 received a chest tube. No significant bronchopulmonary hemorrhage or respiratory failure was reported.
The overall DY by lesion was calculated by dividing the malignant lesions (n = 63) and the benign lesions (n = 14) by the total number of lesions (n = 92, excluding 1 lost to follow-up), resulting in a DY by lesion of 83.7% [95% confidence interval (CI), 74.8%-89.9%]. Diagnostic accuracy was 93.5%, which represents the malignant (n = 63) and benign lesions (n = 14) as well as the indeterminate lesions subsequently confirmed as benign with clinical and radiographic follow-up (n = 9) divided by the total number of lesions biopsied (n = 92).
The median number of diagnostic tools used per nodule was 3 (range, 1 to 5) and the median number of tool passes per lesion was 10 (range, 2 to 25). We also calculated the median number of passes with each diagnostic tool; cytology brush 4 (range, 1 to 14), transbronchial needle 3 (range, 1 to 9), forceps biopsy 3 (range, 1 to 10), GenCut core biopsy 2 (range, 1 to 4), triple needle brush 2 (range, 2 to 4), and BAL 1 (range, 1 to 2). Diagnostic tools with the highest yield in determining the diagnosis were biopsy forceps (80.6%) and transbronchial needle aspirates (66.2%). Other tools were also used but provided a diagnosis in a lower percentage of cases; cytology brush (54.5%), GenCut core biopsy (37.5%), BAL (25.6%), and a triple needle brush (0%). All diagnostic performance statistics can be found in Table 3 . If we assume that subjects with uncompleted follow-up (n = 3) actually had lung cancer (ie, were FN), the prevalence of malignancy in our study was 71.7% (95% CI, 61.8%-79.9%) with a sensitivity of ENB using CBCT with AF for malignancy of 91.3% (95% CI, 82.3%-96.0%). Under the assumption that subjects with uncompleted follow-up did not have malignant disease (ie, were TNs), the minimum prevalence of malignancy in our study was 75.0% (95% CI, 65.3%-82.7%) with a maximum sensitivity of 95.5% (95% CI, 87.5%-98.4%). The minimum and maximum negative predictive value for malignancy was 79.3% (95% CI, 61.6%-90.2%) and 89.7% (95% CI, 73.6%-96.4%), respectively.
Multivariate regression analysis further showed no independent correlation between lesion size, lesion location, lesion visibility under standard fluoroscopy, and the presence of a bronchus sign with DY.
In a representative subset of 9 patients, the total dose area product per case was 31 ± 16 Gycm 2 . The estimated effective dose per case related to fluoroscopy and exposure was 1.5 ± 0.7 mSv and 3.0 ± 1.4 mSv, respectively. With an average number of 1.5 CBCT scans per case, this leads to an average effective dose of 2.0 mSv per CBCT run.
DISCUSSION
This retrospective study of 93 lesions in 75 consecutive patients demonstrates the feasibility and effectiveness of CBCT with AF during ENBguided biopsy procedures and highlights its potential in achieving high DY and low complication rates with an acceptable amount of radiation dose (comparable with CBCT-guided percutaneous needle interventions and considerably lower than conventional CT guidance). 45 After exclusion of a single patient that was lost to follow-up the overall DY by lesion was 83.7% (95% CI, 74.8%-89.9%). This was found to be independent of lesion size, lesion location, presence of a bronchus sign, and visibility on fluoroscopy. Direct comparison of our results with existing literature might be distorted due to heterogeneity (eg disease prevalence, lesion size). CBCT with AF combined with ENB does seem to provide a higher DY compared with earlier reports for ENB guidance or conventional bronchoscopic guidance with CBCT confirmation alone. A recent metaanalysis of DY using ENB showed a variable yield from 60% to 94%. 36 In this meta-analysis, the median disease prevalence was 77.5%. This is similar to the prevalence of lung cancer in our study with a value of 75%. Hohenforst-Schmidt et al 46 reported an overall yield of 70% when combining CBCT with conventional bronchoscopy, however the mean lesion size was considerably larger (25 mm) than that of this study. Park et al 47 showed that CBCT confirmation of device positioning was the only factor associated with higher yield during transbronchial biopsy. Both authors postulated that the addition of CBCT might provide an increase in DY of conventional bronchoscopy that is equivalent to what has been reported for ENB alone.
We attribute our high DY in large part to the addition of CBCT with AF to ENB. This allowed us to avoid doing biopsies when the tip of the locatable guide was clearly not on target. In addition, the use of AF allowed us to limit the number of repeat CBCT scans, with the majority of cases only requiring a single scan, including cases with multiple or bilateral lesions. The ability to view AF in any plane was especially helpful, particularly the use of the lateral (90 degrees) position for anteriorly located lesions.
The use of CBCT also offers the ability to adjust for factors like atelectasis and airway deformation by the bronchoscope that ENB is not able to, given its reliance on virtual spatial reconstruction based on preoperative CT scans. This has given us increased confidence in our negative results, many of which have been confirmed as TNs with additional radiographic and clinical follow-up. The use of CBCT with AF may give more confidence to physicians performing ENB procedure without the assistance of ROSE. The recent multicenter prospective NAVIGATE trial showed that only 66% of the sites use ROSE during ENB procedures. 2 We noticed in our study a relatively low incidence of the presence of a bronchus sign, which previous studies have indicated as a strong determining factor for the yield of ENB. 27 Our data did not show an independent relation between the presence of a bronchus sign and the overall DY. This may be attributed to the fact that small peripheral lesions are less likely to have a bronchus sign, the use of the variably curved steerable catheters, and the extensive experience of the user. The median lesion size in our study was only 16 mm and therefore most of these small peripheral lesions are randomly situated in the parenchyma and are not associated with a particular bronchus. On pathologic examination, even brushings usually contain small fragments of collapsed respiratory parenchyma (respiratory bronchioles and alveoli) indicating that we are not simply sampling the inside of a conducting bronchus or bronchiole. A Minimum sensitivity and maximum prevalence were based on the assumption that patients with uncompleted follow-up (n = 3) actually had lung cancer (ie, were false negative).
bronchus sign can obviously simplify navigation to a lesion, reduce the distance of parenchyma that must be traversed and make access to a lesion easier with less pliable tools. Our reliance on multiple biopsy tools and the Edge catheters along with our willingness to make many attempts may be partially responsible for relatively high success rates for peripheral lesions without a bronchus sign. The use of CBCT with AF also enabled us to circumvent the usual pitfalls associated with nonbronchus sign lesions.
The 2 most recent meta-analyses of ENB procedures for peripheral nodules 36, 37 included studies published before the release of the variably curve-tipped, steerable Edge catheters. These curved-tip catheters are able to facilitate off-angle biopsies for lesions that do not have a direct airway to the lesion. We feel that the use of these catheters increased our success in targeting lesions and this may also be a reason why previous studies have shown comparatively lower DY.
This study also highlights improved accuracy in targeting small lesions. The median size lesion in the study is only 16 mm. To our knowledge this represents the smallest median lesion size in a study of ENB. In the most recent meta-analysis of ENB by Gex et al 37 the median lesion size was 25 mm. Furthermore, we chose to use a more exclusive definition of DY, one in which only cases with a definitive malignant or benign diagnosis were counted towards the yield. This is the same definition used in the AQuIRE registry, 1 which showed that ENB alone had a DY of only 38.5%. When ENB was combined with r-EBUS the yield increased to 47.1%. In that study, 46.8% of lesions were ≤ 20 mm. Similarly, in the NAVIGATE trial, 49.7% of lesions were <20 mm, whereas 70.7% of nodules in our study were ≤ 20 mm. Previous meta-analyses have clearly shown that lesion size effects of the DY. 36, 37 Multivariate regression analysis showed that lesion size did not affect the yield in our study. This is evidenced when looking at the DY for lesions ≤ 10 mm which was 84.2% (16/19 lesions) .
This study has limitations. It is a retrospective analysis without a control arm. Moreover, having only one operator doing the procedures might hamper the generalizability of the results. However, given the promising results, these findings justify further confirmation in other centers, by different operators, and comparative studies against alternative technologies (ie, r-EBUS). Although the use of AF is an effective way to reduce the number of CBCT scans, the availability of ROSE may create a bias in the clinical workflow. Additional CBCT scans may be necessary for final confirmation in centers where ROSE is not available or for future applications such as bronchoscopic transbronchial tumor ablation.
Moreover, the effect of the learning curve on technology adoption and procedural time was not considered in this study. Involvement of supporting staff and anesthesia is of paramount importance to streamline workflow and achieve satisfactory CBCT image quality. It should also be considered that access to CBCT systems may be a roadblock for adoption of this technique. However, fixed C-arm systems capable of CBCT imaging are now standard of care in interventional cardiology and radiology, and fast growing with the increasing prevalence of hybrid ORs in surgery departments. Collaborative efforts focused around the lung cancer patient should be considered to initiate cross-discipline programs and open the doors of CBCT systems to more specialists.
Finally, one patient was lost to follow-up and was therefore excluded from all the performance calculations. A sensitivity analysis considering the missing outcome as either adding to the yield (DY, 78/93 = 83.9%) or not (DY, 77/93 = 82.8%) showed that excluding the patient had minimal impact on the reported DY.
As the field of bronchoscopy advances towards therapeutics there will be increased demand for high-yield bronchoscopic biopsy techniques. In addition, for anyone considering the future application of endobronchial microwave ablation, CBCT scanning will be required to confirm placement of the probe in the center of the lesion. Thus far, no virtual technology has been shown to be accurate enough to confidently apply ablative energy to a lung lesion. This will be a situation where the use of CBCT with AF will excel (Fig. 4 , Supplemental Digital Content 1, http://links.lww.com/LBR/A169). In summary, intraprocedural CBCT imaging with AF is feasible and effective, and is associated with high DY and low complication rate during ENBguided biopsy procedures.
